We examine the transient behaviour of a plane-spherical resonator driven by a continuous wave and filled by an optically thin gas which is suddenly switched on exact resonance with the driving field. Contrary to previous treatments, the axial and transversal field distributions and the molecular motions through the standing wave are taken into account. This is achieved by projecting the induced gas polarization on the fundamental gaussian mode of the resonator and the results are given in a quasi analytic form. An oscillatory response is only obtained when the Rabi frequency is large with respect to the Doppler line width and for a bad quality resonator. Some of the theoretical predictions have been supported by an experiment at a 6 mm-wavelength.
J. Physique 41 (1980) [1] , the term of optical nutation is currently used to describe the transient response of an optically thin gas of 2-level systems suddenly excited by a strong resonant optical field [2] . Oscillations at the Rabi frequency have been predicted [2] and observed [3] when the optical nutation is excited by a travelling wave. We discuss in this paper the corresponding phenomenon occurring inside a cavity resonator. This study is motivated by the frequent use of intracavity arrangements in order to achieve strongly saturating fields in laser spectroscopy and by the recent prediction of Rabi oscillations in transient absorptive optical bistability [4, 5, 6] when the driving field is switched from the lower to the upper branch of the bistability curve [4] .
Since we are interested in the Rabi oscillations, the calculations are made in the infinite saturation limit : the Rabi period is assumed to be very short with respect to the radiative lifetime, the collisional lifetime and the transit time across the optical beam.
(*) Associé au C.N.R.S.
For the strong optical fields required by this condition, we can assume without loss of generality that the gas is optically thin. On the other hand, we will take a full account of the field distribution (axial and transversal) and of the molecular motions through the standing wave [7] which are usually neglected in spite of their importance (1).
The arrangement of the paper is the following. (1) Let us note however that the axial field distribution in a ring cavity is taken into account in Ref. [8] .
Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphys:01980004108083700 laser resonator of large aperture, which consists of a flat mirror facing a spherical one of radius Ro larger than the length 1 (see Fig. 1 Fig. 1 ). Equation (4) means that the resonator must be optically thin in the linear regime.
On the other hand, when the whole Doppler profile is excited (co, » kvo), the condition given by equation (3) Hence, in so far as the saturation parameter mi i is strong, the resonator must not necessarily be optically thin in the linear regime. În the bistability terminology [4] , a fF 12 'Tt is nothing else that the bistability parameter a,, É/2 T = C where T « 1 is the transmittivity of the two mirrors. If the resonator is actually bistable (C &#x3E; 4), equation (5) expresses that the applied field has to be sufficient to put it in the non cooperative region as indicated before. To come back to the crude estimations of equation (4) and equation (5) (corroborated by more exact forthcoming equations (10) and (11)), the condition of optical thinness in the linear regime appears then to be sufficient in all cases but not always necessary.
Besides, we are in this paper interested not in the relaxation processes but in the nutation signal and in the influence of the field inhomogeneity and of the molecular motions on this signal. We shall then assume that the mean Rabi frequency is much larger than collision and radiative broadenings (infinite saturation regime). This is achieved at low sample pressures for which the resonator is actually optically thin.
DERIVATION OF THE INDUCED GAS POLARIZA-
TION. -Within the previous assumptions, the BlochMaxwell equations are uncoupled and the gas polarization is simply calculated from the unperturbed field E(0) (fundamental gaussian mode). This field is quasi-linearly polarized, i.e. tangent to the spherical wave front (I) and parallel to a fixed meridian plane XOz (see Fig. 1 ). We characterize a point M inside the resonator by z being the abscisse of the z-axis equiphase point and by x and y being its curvilinear coordinates measured along the wave front (1'). This change of coordinates involves some simplification to the expression of the field describing the fundamental gaussian mode (approximate solution of equation (2)) [11] . In complex notation, omitting the eiúi time dependence, the component £ (0) which means that the optical field is zero on the plane and spherical mirrors.
In each point M defined by r = (x, y, z) we can characterize the interaction between the optical field E(') and a molecule by a Rabi frequency (1)l(r) which depends on r and has a maximum value mi =.uE,,Ih. However the beam waist n' is always much larger than the wavelength 2 nlk and the gradient of (1)1 (r) is nearly perpendicular in each point to the corresponding wave front. Then, only molecular motions perpendicular to the wave fronts have to be considered.
This approximation is obviously related to the infinite saturation limit considered here
In this limit, we can calculate the induced gas polarization by using the result obtained by one of us [7] in the case of a plane standing wave with a full account of the molecular motions. Taking account of the actual distribution of the optical field in the gaussian mode, the polarization P(r, t, v) in r due to molecules having a v-velocity along the wavefront normal is easily written down from equations (13) , (14) and (19) of the quoted paper. In complex notation omitting (') On the contrary, in lineshape calculations made in the low saturation limit [12, 13] [7] . In the present problem, we can also reasonably presume that the induced gas polarization has the same axial spatial quasiperiodicity as the optical field E(') and then that the resonator eigenmodes with a principal number differing from n are not excited. On the contrary, it is obvious that the corresponding transverse (higher order) modes of suitable symmetry [9, 11] are actually excited. However, two physical arguments may be given to limit our calculations to a monomode approximation [14] where the integral is extended to the resonator volume ( V), Un describes the fundamental mode [11] (un = È"IIE,,, see equation (6a)) and Vo is a normalization volume such as :
The (x, y) integrations of equation (8a) The reduced polarization il(t) has been plotted in figure 2 for various ratio of the Doppler width kvo and of the Rabi frequency mi (ç = kVolwl)' The present result is interestingly compared to the result obtained in the case of a plane standing wave (see Fig. 2 of ref. [7] ). The dramatic influence of the transverse distribution of the optical field is obvious. We must notice that this influence does not depend on the actual size of the beam waist. In the discussion Fig. 2 The corresponding shape (Fig. 2, thick with sinc u = sin ulu. The error function [15] erf (kvo tl2) describes the short time behaviour of H(t) and is obtained by a development of equation (9c) at the first order in Wl t. The maximum value n'/2 collkvo of II(t) is then reached for times t such as collkvo « mi t « 1 [7] . As gives a signal proportional to É(t) (heterodyne detection). Some detectors have even a constant conversion factor in a large domain of incident power and in this domain, the time-dependent detected signal will be directly proportional to Z(t) whatever En is.
In all cases, É(t) appears to be the quantity of experimental interest. By substituting equation (12) in the starting equation (1) where r,h = 2 Q/w is the mean photon lifetime inside the resonator [5, 6] (resonator rise time to a step excitation) and where II (t) is the reduced polarization (see Eq. (9)). Equation (13) [20] . This device allowed the use of the Stark switching technique : the e.m. field was continuously applied in the cavity, so that only the transient absorption was detected when the molecular frequency was switched.
The excited modes were TE types with the electric field parallel to the Stark plates allowing for AM= ± 1 selection rules.
Due to the Stark plates, the e.m. field is slightly different from a gaussian beam : the modes are described by sine functions in the y-direction perpendicular to the Stark plates and a gaussian dependence in the other transverse direction. By introducing the curvilinear coordinates (see Eq. (6)), the electric field of the nth TE, fundamental mode is shown to be [20] :
where b = 15 mm is the plate spacing and kg is the propagation constant of the TE, fields between two parallel plates (k' = k2 -n2 1 b2).
»,,D, n'(z) and W(z) are given by substituting kg to k in equations (6b, c, d), and cP(l)/2 to 0(é) in equation (6e). The curvature radius Ro is about 5 m and the resonator length is about 1 m leading to a 10 % beam waist variation along the cavity. Except for a complete numerical treatment, the previous theory (3) This latter prediction agrees with the analysis given in Refs.
[4] and [5] . applies and leads to quite similar behaviours within a 10 % difference.
The driven fundamental mode had a quality factor of Q -29 000 which gives at 51 GHz a photon lifetime of 180 ns. The nearest higher order mode (TE3) was 15 MHz apart, had a quality factor of about 10 000 and, as expected, was never excited in our experiments (see discussion of section 2.3).
The driving microwave power was supplied by a klystron phase locked at the zero Stark field line frequency. The resonator eigenfrequency was also tuned at this frequency. A uniline (25 dB [18] in the theoretical discussion (section 3.2). Figure 4 Fig. 4 As an example, figure 5 gives the result obtained when the microwave power entering the cavity was set at its maximum value. The corresponding Rabi frequency (determined by reference to the previous case) is 12 MHz (microwave field -3 kV/m, mi . The signal has the theoretically predicted shape (see Fig. 3b (14)). In all cases, H(t') is only dependent of e = úJt t' (dt' = de/ úJt) and we get :
The detected signal is then theoretically in inverse ratio to the microwave field. This is in qualitative -agreement with our [7] .
Molecular motions are not involved in this process, but the molecular distribution inside the inhomogeneous optical beam leads to various Rabi frequencies, and then to a strong damping of the nutation signal. As each molecule gives a signal projected in the used mode, this effect does not depend on the actual size of the optical beam, but is only related to the total inhomogeneity of the field. Only these inhomogeneous effects are present when the Rabi frequency col is much larger than the Doppler line width and an analytical result has been given at this limit. 56 The influence of the resonator quality factor on the transient response has also been examined. In the bad quality cavity limit (Q « co/2 col), the output field follows adiabatically the transient induced gas polarization whereas in the good quality cavity limit (Q » ro/2 mi), this [21, 22, 23, 24] have been observed and studied : the Doppler effect is shown to play an important role in the echo formation, but one can wonder whether the preparation step (n/2 pulse) and the phase reversal step (n pulse) are not to be more precisely examined. The theory presented in this paper is well suitable for such a purpose and can be extended to take account of eventual level degeneracies [25, 26] . Besides, our model can be applied to the calculation of the two photon optical nutation [27] in a gaussian standing wave [28] .
